Marine viruses are major evolutionary and biogeochemical drivers of microbial life in the ocean. 15 Host response to viral infection typically includes virus-induced rewiring of metabolic network 16 to supply essential building blocks for viral assembly, as opposed to activation of anti-viral host 17 defense. Nevertheless, there is a major bottleneck to accurately discern between viral hijacking 18 strategies and host defense responses when averaging bulk population response. Here we use 19 Emiliania huxleyi, a bloom-forming alga and its specific virus (EhV), as one of the most 20 ecologically important host-virus model system in the ocean. Using automatic microfluidic setup 21 to capture individual algal cells, we quantified host and virus gene expression on a single-cell 22 resolution during the course of infection. We revealed high heterogeneity in viral gene 23 expression among individual cells. Simultaneous measurements of expression profiles of host 24 and virus genes at a single-cell level allowed mapping of infected cells into newly defined 25 infection states and uncover a yet unrecognized early phase in host response that occurs prior to 26 viral expression. Intriguingly, resistant cells emerged during viral infection, showed unique 27 expression profiles of metabolic genes which can provide the basis for discerning between viral 28 resistant and sensitive cells within heterogeneous populations in the marine environment. We 29 propose that resolving host-virus arms race at a single-cell level will provide important 30 mechanistic insights into viral life cycles and will uncover host defense strategies. 31 32 Recent studies demonstrated that viruses significantly alter the cellular metabolism of 46 their host either by rewiring of host-encoded metabolic networks, or by introducing virus-47 595
Introduction 33 Marine viruses are recognized as major ecological and evolutionary drivers and have immense 34 impact on the community structure and the flow of nutrients through marine microbial food webs 35 [1] [2] [3] [4] [5] . The cosmopolitan coccolithophore Emiliania huxleyi (Prymnesiophyceae, Haptophyta) is a 36 widespread unicellular eukaryotic alga, responsible for large oceanic blooms [6, 7] . Its intricate 37 calcite exoskeleton accounts for ~1/3 of the total marine CaCO 3 production [8] . E. huxleyi is also 38 a key producer of dimethyl sulfide [9], a bioactive gas with a significant climate-regulating role 39 that seemingly enhances cloud formation [10] . Therefore, the fate of these blooms may have a 40 critical impact on carbon and sulfur biogeochemical cycles. E. huxleyi spring blooms are 41 frequently terminated as a consequence of infection by a specific large dsDNA virus (E. huxleyi 42 virus, EhV) [11, 12] . The availability of genomic and transcriptomic data and a suite of host 43 isolates with a range of susceptibilities to various EhV strains, makes the E. huxleyi-EhV a 44 trackable host-pathogen model system with important ecological significance [13-20]}. 45 encoded auxiliary metabolic genes (vAMG) which convert the infected host cell into an alternate 48 cellular entity (the virocell [21] ) with novel metabolic capabilities [22] [23] [24] [25] [26] [27] . A combined 49 transcriptomic and metabolomic approach taken during E. huxleyi-EhV interaction revealed 50 major and rapid transcriptome remodeling targeted towards de novo fatty acid synthesis [18] 51 fueled by glycolytic fluxes, to support viral assembly and the high demand for viral internal lipid 52 membranes [28, 29] . Lipidomic analysis of infected E. huxleyi host and purified EhV virions 53 further revealed a large fraction of highly saturated triacylglycerols (TAGs) that accumulated 54 uniquely within distinct lipid droplets as a result of virus-induced lipid remodeling [27] . The 55 EhV genome encodes for a unique vAMG pathway for sphingolipid biosynthesis, never detected 56 before in any other viral genome. Biochemical characterization of EhV-encoded serine 57 palmitoyl-CoA transferase (SPT), a key enzyme in the sphingolipid biosynthetic pathway, 58 revealed its unique substrate specificity which resulted in the production of virus-specific 59 glycosphingolipids (vGSLs) composed of unusual hydroxylated C17 sphingoid-bases [30] . These Supplemental Table 1 for 120 primers list). 121 To test for the sensitivity in detection of gene expression on a single cell level, we 122 spiked-in, to each C1 well, a set of External RNA Controls Consortium (ERCC) molecules that 123 span a wide range of RNA concentrations (from ~0.5 to ~100 molecules per well). We 124 subsequently quantified their concentration using similar qPCR amplification setup as used for 125 the host and virus genes. Pairwise correlation between spike concentrations and Et (Et=30-Ct) 126 values obtained from the qPCR was >0.98 (Pearson correlation coefficient, p-value= 4.2˙10 -12 , 127 Figure 2B ). We found a highly sensitive level of detection with 40% probability to detect an 128 RNA spike that is at a level of 1 molecule per sample ( Figure 2C ), similar to the detection level 129 reported for mammalian cells [61] . Mean expression of viral and host genes in all examined cells 130 were found to be 11.8 ± 4.0 and 6.96 ± 2.5 (Et values ± SD), respectively ( Figure 2D ). 131 We detected a high variability in viral expression profiles among individual cells within 132 the same infected population. For example, heterogeneity in the expression levels of virus-133 encoded ceramide synthase (vCerS, EPVG_00014), a key enzyme in sphingolipid biosynthesis 134 [18, 30] was detected during early phase of infection (2 and 4 hpi of CCMP2090, Figure 3A ). 135 Similar results were obtained for the average expression of 10 viral genes ( Figure 3B ). At the 136 onset of viral lytic phase (24 hpi), all of the examined cells showed high viral gene expression 137 ( Figure 3A&B ), suggesting that viruses eventually infected all of the examined host cells. 138 Nevertheless, we cannot exclude the existence of a rare subpopulation that did not express viral for the level of expression of viral genes in each individual cell and termed it "infection index". 146 We further realized that averaging host phenotypes over the course of infection might 147 hinder our ability to observe the initial response of the host to viral infection and that single-cell 148 analysis could significantly increase the resolution for sensitive detection of host response at this 149 early stage of infection. We therefore re-ordered infected cells based on their viral infection 150 index (PC1), rather than the actual time of infection (i.e. hpi), resulting in "pseudotemporal" 151 hierarchy of single cells. Intriguingly, we unmasked a fraction of cells that were exposed to the 152 virus but did not exhibit any detectable expression of viral genes. These cells had similar 153 infection index values as control cells, with PC1 values < -10. We found that 33/179 (17%) of 154 infected cells of CCMP2090 were at this distinct "lag phase" of viral infection. These individual 155 cells were analyzed for their respective host gene expression levels based on a sliding window 156 approach as it is less sensitive to technical noise which often observed in single cell data. We 157 also used a statistical model to test for genes that are differentially expressed at these early stages Table 3 ). An intriguing example is the metacaspase-2 gene (p= 163 0.0000027) which was previously suggested to be induced and recruited during EhV lytic phase 164 and activation of E. huxleyi PCD [32]. We also found early induction of triosephosphate 165 isomerase (TPI, p=0.00063) and phospholipid:diacylglycerol acyltransferase (PDAT, p = 0.0018) 166 which are involved in glycolysis and TAG biosynthesis. In addition, genes involve in autophagy 167 [34] and de novo sphingolipid biosynthesis [18, 30] were detected in this unique early phase of 168 host response. Since all of these metabolic pathways were recently shown to be essential for EhV (Figure 5A and B) . 186 To further characterize host gene expression during different phases of infection, we 187 manually clustered CCMP2090 cells according to their infection index (PC1) and the expression 188 of either early or late viral genes (PC2) ( Figure 5C ) and examined the expression of host 189 metabolic genes in these clusters ( Figure 5D ). This analysis showed that induction of most of 190 host metabolic genes occurred in cells that expressed predominantly late viral genes ( Figure 5D , 191 CL5, -10<PC1<10, PC2>5) and in cells with moderate expression of viral genes ( Figure 5D , 192 CL6, 10<PC1<30). Down-regulation of many host genes was found in cells exhibiting high viral 193 expression ( Figure 5D , CL7 , PC1>30), suggesting that these cells were at the final stages of 194 infection. 195 In order to further characterize the link between optimal host metabolic state and Winner" may even act within isogenic populations based on the variability in the metabolic state, 208 which will lead to differential susceptibility to viral infection, forming continuous host-virus co-209 existence [64] . It is possible that cell-to-cell heterogeneity in the metabolic activity is shaped by 210 the tradeoff between complex abiotic stress conditions (e.g. nutrient availability [65-67] and light 211 regime) and biotic interactions (e.g. pathogenicity or allelopathy), and may result in differential 212 susceptibility to viral infection in the marine environment. 213 We further investigated whether uninfected sensitive and resistant E. huxleyi cells 214 exhibited altered expression profiles in the host metabolic genes that showed variable expression 215 during infection (Table S4 ). We exposed E. huxleyi cultures to viral infection and isolated cells 216 that acquired resistance to subsequent viral infection of diverse EhV isolates ( Figure 7A, [60] ). 217 We compared the expression profiles of recovered resistant cells (n = 18) to their mother cells 218 that were highly susceptible to viral infection (n = 76). The tendency of resistance cells to 219 aggregate make it difficult to isolate single cells, therefore for these analysis also doublet cells 220 were included. Intriguingly, resistant and sensitive cells tend to cluster distinctively along the 221 PC2 dimension ( Figure 7B ). Among the genes that drive the separation along the PC2 dimension 222 and were differentially expressed in resistant and sensitive cells were TPI, diphosphomevalonate 223 decarboxylase (MVD1) and ceramidase-3 ( Figure 7C Weizmann Institute of Science for critical comments on the manuscript and fruitful discussion. 327 We would also like to thank Tal Bigdary from the Design, Photography and Printing Branch at 328 the Weizmann Institute of Science for assistance in designing the graphs for this manuscript. 
